We propose a design for an universal absorber, characterized by a resonance frequency that can be tuned from visible to microwave frequencies independently of the choice of the metal and the dielectrics involved. An almost resonant perfect absorption up to 99.8% is demonstrated at resonance for all polarization states of light and for a very wide angular aperture.
Introduction
The control of light absorbance plays a fundamental role in today's photonics technologies with strong impacts for solar energy harvesting or for light emitting and sensing components. [1] [2] [3] Since according the Kirchhoff's law, perfect absorbers and emitters are equivalent, significant efforts are pursued to realize compact artificial materials presenting an almost perfect absorption in a selective spectral range, for any polarization or incidence angle. 4, 5 The targeted operating frequency usually imposes the choice of the materials constituting the absorbers and also strongly constraints the design: plasmonic absorbers have proven to be effective for realizing compact absorbers for visible and infrared radiations while metamaterials are preferably used from the terahertz to the microwaves. 6, 7 Many designs have been proposed recently, a lot of them relying on the excitation of cavity resonances of some kind. [14] [15] [16] All these structures being cavities, a minimum size is required that is always larger than λ /20 despite strategies to reduce the effective wavelength of the mode responsible for the resonance. 12, 13 Here we propose a design for a very deeply subwavelength resonant absorber whose absorption frequency can be tuned from infrared to microwave frequencies by following simple scaling laws.
This absorber is universal in the sense that its optical properties are independent from the choice of the metals and dielectrics involved for its realization and it presents an almost perfect absorption for incident angles up to 30 • and for any polarization of light. The absorption mechanism is based on a negative phase shift for the light which happens at the metamaterial interfaces and allows to built up a Fabry-Perot (FP) resonance into a near-zero dielectric thickness of λ /100. This resonance is activated by a funneling effect through slits of few nanometers wide, with a ratio of the period to the width of the slits that can easily be larger than 30,000.
In a first part, we concentrate on metamaterial absorber periodic in one direction and give the physical picture to explain its properties for one polarization. The resonance responsible for the absorption is demonstrated to be a FP resonance squeezed into a sub-wavelength thickness. In a second part, we show using the previous model that the design can be tuned to absorb almost perfectly for any frequency. Finally, these results are extended to universal absorbers periodic in two directions that present an absorption line for any polarization and a wide range of incidence angles.
Theory and design of super absorbers
The absorber consists of a deeply subwavelength grating made of nanometers slits etched in a thin metallic slab which is separated from a metallic back mirror by a dielectric spacer, Fig.1 . The operating frequency range extends from the infrared to microwaves frequency when noble metals such as gold or silver are utilized (see supporting information). The upper frequency boundary is limited by the plasma frequency of the metallic medium that is typically located in the ultraviolet spectrum for noble metals but can be located in the mid-infrared for highly doped semiconductors.
Without any loss of generality, we illustrate our results by considering InAsSb, a highly doped semiconductor whose plasma frequency can be tuned by playing with the doping concentration.
This material is in addition compatible with CMOS technology and its relative permittivity is given by a Drude model ε InAsSb = ε ∞ (1 − ω 2 p /(ω(ω + iγ))) with ε ∞ = 11.7, ω p = 351.10 12 rad.s −1 and γ = 10 13 rad.s −1 . 17, 18 The spacer, of thickness g, is filled with a GaSb insulator (that is assumed to be non-dispersive) of refractive index n d = 3.7. The absorbance A is deduced from the energy reflection coefficient R computed using the Rigorous Coupled-Wave Analysis (RCWA). 19 First, we consider a 1D periodic set of slits of width f = 10 nm etched in the x-direction, with a pitch d = 2 µm and a thickness h = 320 nm for the metamaterial layer. Two absorption lines can be observed in normal incidence on the computed absorption spectrum, for p-polarization case To explain this actual reduction of the FP cavity size, we derive an equivalent dielectric model assuming that the metallic grating is equivalent to a dielectric slab of complex refractive index n = n+iκ and thicknesst, Fig.1c . The optical property of such artificial dielectric layer is known to depend on the geometrical parameters of the grating and on the effective index of the gap plasmon byn =n slit d/( f +2δ p ). 22 The resonant wavelength of the gap plasmon mode is equivalently linked to the effective index and thickness by λ s = 2nt. With these definitions, the whole 1D absorber can be replaced by a much simpler equivalent system made of a dielectric spacer sandwiched between a back mirror assumed to be a perfect electric conductor (PEC) and an absorbing layer of complex indexn corresponding to the grating layer, 
from which the amplitude of the FP mode is expressed in a conventional formulation:
Here Γ eq = (1 −n eq )/(1 +n eq ) is an equivalent reflection Fresnel coefficient determined by the equivalent indexn eq = 
where f (λ ) = (1 + ρe 2iπλ s /λ )/(1 − ρe 2iπλ s /λ ) and ρ = (n − 1)/(n + 1) designates the Fresnel coefficient at the air-dielectric interface for p-polarized light. For thin slits (d ≫ f ) ρ ≃ 1 sincē n takes very high values. Thus, in the long wavelength limit, when λ ≫ λ s , the function f (λ )
can be approximated by iλ /(πλ s ). These simplifications leads to write the equivalent index in the following form:n
Introducing the figure of merit (FOM) F = n/κ, the equivalent extinction coefficient κ eq = 
The first condition, |Γ eq | = 1, is satisfied for the trivial solution n eq = 0 whatever the value of the equivalent absorption κ eq . In practice, almost perfect absorption higher than 98% is achieved when a near-zero equivalent index condition is satisfied, which is the case when n eq = 0.1 for instance, see Fig.3a . From the definition of n eq , we directly derive an analytical expression for the resonant wavelength:
By considering the phase condition which implies that the FP mode is built up inside the spacer when the total phase is cancelled out, we obtain:
The first term of Eq.(??) can be written in terms of the equivalent refractive index and extinction coefficient as arg(Γ eq ) = −2κ eq /(1 − n 2 eq ). As seen on Fig. 3b , it is well approximated by arg(Γ e f f ) = −2κ eq when the near-zero equivalent index condition is satisfied. The ratio η = g/λ r of the spacer's thickness over the wavelength thus given by the following equation:
In order to give rules of thumb for designing the metamaterial absorbers, we set n eq = 0.1. We have found that in the long wavelength limit and whatever the metal considered, the figure of merit reaches F ∞ = 8/π (see supporting information). With these parameters we arrive to η = 1.1/100.
This shows that the FP resonance is better excited when the dielectric layer playing the role of a cavity has a thickness that is roughly only one hundredth of a wavelength. This property originates from the negative phase, −2κ eq , acquire by the electromagnetic waves when they are reflected 
with Λ = 2ηπ 2 λ s / 2δ p that can be evaluated for 10-nanometer slits to Λ = 3.38. Finally, Eq. (??) and Eq.(??) provide simple scaling laws for designing universal absorbers operating at arbitrary large wavelengths.
Perfect absorbers from infrared to microwave
These theoretical results are confirmed by the exact electromagnetic calculations of the absorbance A deduced from the reflectivity and performed in normal incidence with the RCWA method where the excellent accuracy of our analytical model. This means that the structure is able to absorb microwaves with a wavelength that is more than 6 orders of magnitude larger than the slits' width (see Fig. 4a ). The electric field associated to this FP magnetic resonance is actually squeezed in slits that are a million times smaller than the wavelength. This is where the absorption takes place, since the dielectric spacer is considered lossless. As seen on it can be as large as 40,000 which is way above what usually happens for EOT when the resonance is located in the slits. This mechanism holds from the infrared to the microwave range despite the dispersive behavior of InAsSb and can be obtained for other metals such as silver (see supporting information). From the application point of view, realizing absorbers insensitive to the incident angle and to the polarization of light is a crucial issue. We address these problems by considering 2D metamaterial absorbers made of a square array of thin slits (width f = 10 nm) separated by a pitch d = 2µm, Fig. 1a . We illustrate these properties for a targeted absorption line at λ r = 70µm leading to a spacer's thickness g = 850 nm, a pitch d = 2 µm and a grating's thickness h r = 320 nm.
More than 90% of the incident radiation is absorbed by the metamaterial for incident angles up to 50 • and the absorbance reaches 70% at grazing incidence for 70 • , Fig. 5a . The efficiency of the absorber is also seen to be insensitive to the polarization of light: the structure can simply be seen as two crossed gratings, each one being responsive to one polarization only. In normal incidence, the absorbance thus remains constant whatever the polarization in normal incidence. 
Conclusion
We have proposed a metamaterial resonant absorber whose absorption line can be chosen in any frequency range, from optics to microwaves, by following simple scaling laws, essentially. Our approach allows to design a perfect absorber that working for any frequency, independently of the materials that are considered. Almost perfect absorption can be obtained whatever the polarization over a broad incident angle range. This is why we think our design can be said to be universal.
The metamaterial layer controlling the response of the structure allows to reduce to λ /100 the thickness of the spacing layer constituting a resonant cavity on which the device is based. The absorption takes place in slits that are no more than a few nanometers wide, despite wavelengths that are 1000,000 times larger. All the incoming radiation in funneled through these slits despite a ratio of 1 to 40000 between the slit width and the period. We have derived an analytical model thoroughly describing the electromagnetic response of the device that proved very accurate despite these extreme and unprecedented ratios. Universal absorbers constitute ultra-thin and flexible solutions for absorbing any kind of electromagnetic radiation especially at terahertz frequencies where absorbers, sensors and emitters are usually difficult to design. Integrating electric contacts into the device or making it dynamically tunable is something that can totally be envisaged, broadening even more the potential of our design.
